Catalyst and substrate studies have been performed on the rhodium-catalyzed asymmetric ring opening reaction. A working model is advanced that involves oxidative insertion with retention to form an organorhodium intermediate that then undergoes nucleophilic attack with inversion. Kinetic and competition experiments have uncovered evidence for a proton transfer step in the catalytic cycle that may activate both the allylrhodium intermediate and the nucleophile. We have also conducted experiments designed to understand which properties of the PPF-P t Bu2 ligand contribute to the high reactivities and enantioselectivities. W e have previously reported that chiral rhodium(I) catalysts induce ring opening oxa-and azabicyclic alkenes with a variety of soft nucleophiles such as alcohols, phenols, amines, anilines, malonates, and carboxylates in high yield and enantioselectivity (1-8). The products are generated by an S N 2Ј nucleophilic displacement of the bridgehead leaving group with inversion providing the 1,2-trans product as one regio-and diastereomer. The formation of the 1,2-trans products is atypical for ring opening reactions of oxabicyclic alkenes, which usually generate the syn-1,2 diastereomers via exo nucleophilic attack (1, 2). Furthermore, regio-and stereochemical results diverge from previously documented rhodium-catalyzed reactions with allylic carbonates (9-18). The observations obtained with oxabicyclic alkenes find little precedent when compared to other allylic functionalizations including those catalyzed by Pd (refs. 19 In this report we describe catalyst and substrate studies and advance a mechanistic working model that rationalizes the stereochemical outcome and other experimental observations (Scheme 1). We have also conducted experiments designed to understand the properties of the PPF-P t Bu 2 ligand that contribute to high reactivities and enantioselectivities.
W
e have previously reported that chiral rhodium(I) catalysts induce ring opening oxa-and azabicyclic alkenes with a variety of soft nucleophiles such as alcohols, phenols, amines, anilines, malonates, and carboxylates in high yield and enantioselectivity (1) (2) (3) (4) (5) (6) (7) (8) . The products are generated by an S N 2Ј nucleophilic displacement of the bridgehead leaving group with inversion providing the 1,2-trans product as one regio-and diastereomer. The formation of the 1,2-trans products is atypical for ring opening reactions of oxabicyclic alkenes, which usually generate the syn-1,2 diastereomers via exo nucleophilic attack (1, 2) . Furthermore, regio-and stereochemical results diverge from previously documented rhodium-catalyzed reactions with allylic carbonates (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The observations obtained with oxabicyclic alkenes find little precedent when compared to other allylic functionalizations including those catalyzed by Pd (refs. 19 and 20 and references therein and ref. 21 ), Mo (22) (23) (24) (25) (26) , Ni (27) (28) (29) (30) (31) (32) (33) , Pt (ref. 34 and references therein and ref. 35 ), Co (36) , Ir (37) (38) (39) (40) (41) (42) (43) , Fe (44) , Ru (45) (46) (47) (48) (49) , and W (50) .
In this report we describe catalyst and substrate studies and advance a mechanistic working model that rationalizes the stereochemical outcome and other experimental observations (Scheme 1). We have also conducted experiments designed to understand the properties of the PPF-P t Bu 2 ligand that contribute to high reactivities and enantioselectivities.
Experimental procedures and characterization data can be found in Supporting Text, which is published as supporting information on the PNAS web site.
Ligand Studies: Variations on the Josiphos Template and Other Ligand Motifs
Several structural elements are present on the PPF scaffold that could contribute to its successful application in these reactions (51) (52) (53) . PPF has elements of central and planar chirality as well as two phosphine atoms that differ both sterically and electronically. Two methods were used to determine the influence of the ligand on the rate. In cases where a significant difference in rate was observed, percent conversion vs. time, as determined by crude 1 H NMR, was used to quantify the reactivity of the catalyst. In cases where a more precise measurement of rate was desired, kinetic runs were performed.
By comparing the reactivity and enantioselectivity of ligands 3 and 4, two trends emerge (Scheme 2). First, by increasing the steric bulk ( t Bu Ͼ Cy) the enantioselectivity is increased from 88% with 3 to 96% enantiomeric excess (ee) with the bulkier t Bu 2 P ligand 4. This increase in enantioselectivity comes at the expense of reactivity, however, because the di-t-butyl ligand 4 produces a catalyst that is roughly half as active as that generated from the Cy 2 P ligand 3 (k obs 0.023 vs. 0.009 M⅐s
Ϫ1
).
To probe the impact of phosphine electronic effects, ligands 5 and 6 were compared (Scheme 2). We assumed a minimal steric difference because the methoxy substituents of 6 are at the para positions. The major difference in these ligands is electronic because the (3,5-(CF 3 ) 2 -C 6 H 3 ) 2 P group is electron-deficient, whereas (3,5-(Me) 2 -4-(OMe)-C 6 H 2 ) 2 P is electron-rich. When reaction outcomes are compared, very little difference in product ee is observed (83% ee with 5 vs. 84% ee with 6). A dramatic impact on reactivity is observed, however. From kinetic runs, it was determined that the more electron-rich ligand 6 produces a catalyst that is 6.8 times more reactive than one generated from ligand 5.
To examine the importance of the relative size of the phosphines at the benzylic and ferrocenyl positions, ligands 3 and 7 were compared (Scheme 2). Inferior results were obtained with ligand 7 compared to 3 both in terms of reactivity and enantioselectivity.
Ligands 8-11 were also studied to gain further insight into the effect of substituents on the ligand (Scheme 3). Phosphine 8, which is electron-deficient and possesses two phosphines of similar size, produces the poorest outcome, giving only 30% conversion after 30 min and 8% ee. The best result was obtained with electron-rich ligand 11 bearing a large benzylic phosphine and a smaller ferrocenyl phosphine. With ligand 11, 100% conversion and 92% ee was obtained. Results obtained with ligands 9 and 10 lie in the other two quadrants of Scheme 3, supporting the notion that electron-rich ligands produce more reactive catalysts (ligands 10 and 11 vs. ligands 8 and 9) and that This paper was submitted directly (Track II) to the PNAS office.
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sterically larger phosphines at the benzylic position give improved ee (ligands 9 and 11 vs. ligands 8 and 10).
To probe the relative importance of the planar and central elements of chirality within the Josiphos skeleton, ligands 3 and 12 were studied. These two diastereomeric ligands bear the same (R)-central chirality but have the opposite planar chirality. When the reaction outcomes are compared, significant differences appear. The (R),(S)-ligand 3 gives 100% conversion after Ϸ7 min, whereas the (R),(R)-diastereomer 12 gives 67% conversion after 30 min. The enantioselectivity is also influenced by both elements of chirality. By changing only the planar chirality, the sense of induction is reversed, giving the opposite enantiomer in 33.4% ee. This finding indicates that the planar chirality plays the largest role in determining the absolute sense of induction but that the central chirality must be matched with the planar chirality for high ee to be obtained. The highest ee is obtained when the (R),(S)-diastereomer is used (87.6% ee). Conveniently, this is also the diastereomer that results in the highest reactivity (Scheme 4).
These results delineate the important aspects of the PPF-P t Bu 2 framework and lay down guidelines that may be used in the search for more reactive and selective catalysts. To maximize reactivity, both phosphines must be electron-rich. For maximal enantioselectivity, the two phosphines must be of different size with the larger phosphine located at the benzylic position. Finally, the optimal diastereomers contain (R) central and (S) planar chirality [or the enantiomeric (S,R)].
Other ferrocenyl ligands have been used in catalytic asymmetric reactions, including C 2 -Ferriphos and BPPFA (Scheme 5). Although they are moderately effective in the ARO of oxabicyclic alkenes, their reactivity is inferior to PPF-P t Bu 2 . For example, use of C 2 -Ferriphos generates 2 in 72% yield and 77% ee after 30 min, whereas BPPFA gives 2 in 83% yield and 73% ee.
Catalyst Studies
Effect of Ligand to Rhodium Ratio. If incomplete ligand binding occurs with a catalyst that is active in the absence of ligand, a mixture of chiral and achiral catalysts will be present that can potentially erode the enantioselectivity. When 1 was treated with [Rh(COD)Cl] 2 in the absence of chiral ligand in a THF͞MeOH (1:1) mixture, no reaction was observed after 30 min. When the reaction is performed with a 2:1 rhodium to chiral ligand ratio, 2 is obtained quantitatively in 95% ee. These results indicate that no background reaction occurs with the metal in the absence of a bound phosphine. In contrast, the addition of excess ligand appears to have no effect on the reaction outcome. Consequently, this reaction is technically very simple to perform because imprecise measurements with respect to rhodium and ligand do not negatively impact the outcome.
Enantioselectivity vs. Percent Conversion. Studying the relationship between percent conversion vs. enantioselectivity can indicate whether there is an induction period for the catalyst or whether the catalyst is changing over the course of the reaction. Such changes could occur as a result of prolonged exposure to the reagents or to new metal complexes being formed by interaction with the newly formed products. Three different runs were performed by using 0.5 mol % [Rh(COD)Cl] 2 , 1.1 mol % PPF-P t Bu 2 , and 7.5 eq of PhOH in refluxing THF. In all three cases, the product was formed in 98% ee with no variation of more than Ϯ1% ee between 1% and 100% conversion. It therefore appears that no catalyst induction is required on the time scale studied and that if changes in catalyst structure occur, they have no impact on the enantioselectivity.
Nonlinear Effects. Nonlinear effects were first quantified by Kagan and coworkers and have since become a valuable tool in the study of reaction mechanisms (54) (55) (56) (57) . The presence of nonlinear effects was investigated in the asymmetric ring-opening reactions with methanol as the nucleophile. In a typical run, oxabenzonorbornadiene 6 was treated with 2 mol % [Rh(COD)Cl] 2 and 5 mol % PPF-P t Bu 2 of varying enantioenrichment in a refluxing THF͞MeOH mixture (1:1). These experiments revealed the presence of a small negative nonlinear effect reaching a maximum of 6% with a ligand of 50% ee. In another set of experiments, [Rh(CO) 2 While conducting scope studies with phenol nucleophiles, it was noted qualitatively that more acidic phenols reacted faster than basic phenols (5) . To quantify these observations, we conducted kinetic and competition experiments by using isosteric alcohols and phenols of differing acidity. A plot of the appearance of product vs. time for five different phenol nucleophiles of varying pK a reveals that the reaction rate is faster when more acidic phenols are used (Table 1) . Thus, 4-hydroxyacetophenone resulted in the fastest reaction (k obs ϭ 0.0033 M⅐s
Ϫ1
) and paracresol gave the slowest reaction (k obs ϭ 0.0016 M⅐s To further probe the relative importance of acidity and nucleophilicity in these reactions, competition experiments were performed. These experiments were carried out with pairs of alcohol and phenol nucleophiles. In one experiment, 5 eq of isopropanol and hexafluoroisopropanol (HFIP) were reacted with 1, and the reaction progress was monitored by periodic aliquot removal and crude 1 H NMR analysis. In all cases, the exclusive product was 18 arising from HFIP addition. Even at 100% conversion, no isopropanol incorporation could be detected (Eq. 1). In another experiment, 5 eq of 4-hydroxyacetophenone and 4-hydroxyanisole were used. At 68% conversion, a 16:1 ratio of 13 to 16 was obtained, indicating that the more acidic phenol reacted preferentially (Eq. 2).
Diastereoselective Ring-Opening Reactions. Two different substitution locations were probed to determine whether a directing effect was present. In the first case, the effect of bridgehead substitution was investigated by reaction of methyl-substituted 19. In MeOH:TFE (1:1) and catalytic [Rh(CO) 2 Cl] 2 , only regioisomer 20 is produced arising from C-O-bond cleavage at the more highly substituted bridgehead carbon (Eq. 3). More remote substituent effects were also examined. By choosing aryl substituents with differing electronic properties, the steric influence can be minimized while creating an electronic bias that could direct the ring opening event. When 22 was reacted with catalytic [Rh(CO) 2 Cl] 2 in TFE͞MeOH (1:1) at 60°C, only regioisomer 23 is produced, indicating that a remote donating substituent affects the ring-opening step (Eq. 4).
Influence of Remote Substitution on the Oxabicyclic Alkene on Reaction Outcome
Competition Experiments. To probe the importance of cationic stabilization, competition experiments were conducted with three oxabicyclic substrates. In one reaction, equimolar quantities of 1 and the methylenedioxy-substituted 25 were reacted with methanol. After 5 min, 16% conversion of 25 and 7% conversion of 1 had occurred (Eq. 5). In contrast, when equimolar amounts of 1 and difluoro-substituted 27 were reacted, unsubstituted 1 reacted more rapidly. After 5 min, 10% conver- sion of 1 and 3% conversion of 27 occurred (Eq. 6). These results indicate that the presence of electron-donating groups on the aromatic ring of the oxabenzonorbornadiene activates the system toward reaction with the rhodium catalyst and that electronwithdrawing groups deactivate the system. Substrates lacking various elements of 1 were reacted under the standard reaction conditions to determine the essential requirements for a successful reaction. For example, substrate 29 lacking the olefinic functionality does not react with methanol under the standard conditions. Analogously, 30 lacking the bridging ether functionality is also inert. Both the alkene and the oxygen group are necessary for reaction to occur.
Product Stability to the Rhodium Catalyst. Because the products of these ring opening reactions contain allylic ether͞phenolic moieties that are known to react with palladium complexes (19) (20) (21) , it might be anticipated that the rhodium catalyst will interact with the ring opened products and induce ionization. To test for reversibility in the nucleophile addition step, crossover experiments were conducted. For example, reaction of racemic 2 under conditions used for phenol addition for 1 h gave compete recovery of the starting material 2 with no phenol incorporation detectable in the crude 1 H NMR (Eq. 7). Analogously, subjecting 15 to the conditions used for methanol addition gave only 15 in the crude 1 H NMR and in Ͼ90% recovered yield (Eq. 8).
These results support the notion that the nucleophilic addition step in these reactions is irreversible.
In another experiment, treatment of enantioenriched 2 (96% ee) with an achiral catalyst generated from [Rh(COD)Cl] 2 and dppf in refluxing methanol:THF (1:1) for 1 h gave complete recovery of 2 with no erosion of ee (Eq. 9). Similarly, racemic 2 and 15 were subjected to the standard reaction conditions in the presence of a chiral catalyst generated from [Rh(COD)Cl] 2 and PPF-P t Bu 2 . In both reactions, the starting material was recovered unchanged in Ͼ90% yield as racemates (Eqs. 10 and 11). These results indicate that the high enantioselectivity obtained in these reactions is kinetic in origin, and that, if insertion of the rhodium catalyst into the allylic alcohol͞phenol moiety does occur, ring closure of the oxabenzonorbornadiene to regenerate the oxabicyclic alkene does not occur.
Discussion
Analysis of previously reported allylic functionalizations provides little analogy with the present reactions. These rhodium-catalyzed ARO reactions of oxabicyclic alkenes proceed with overall inversion of stereochemistry. Inversion of stereochemistry has previously been documented with palladium (0) catalysts and hard nucleophiles (such as organometallics) where the nucleophile is delivered from the metal (19) (20) (21) . A similar mode of reactions is very unlikely here because hard nucleophiles such as arylboronic acids react with the same catalyst and substrate to give retention of stereochemistry (58) . A net S N 2Ј displacement of the bridgehead leaving group is observed that is also different from what is obtained with rhodium catalysts and allylic carbonates where nucleophilic attack occurs at the same carbon from which the leaving group departs (11) (12) (13) (14) (15) (16) (17) . Nucleophilic attack at the carbon bearing the leaving group has also been documented with Ru (48) and Fe (44) catalysts. On the other hand, Ni (27) (28) (29) (30) (31) (32) (33) , Pd (19) (20) (21) , and Pt (34, 35) all typically produce a mixture of regioisomeric products, whereas Ir (37-43), Mo (22) (23) (24) (25) (26) , and W (50) favor attack at the more highly substituted allylic terminus.
Based on our mechanistic and ligand studies, we propose the mechanism outlined in Scheme 6. When [Rh(COD)Cl] 2 is used as the rhodium source, dimeric complex 31 is cleaved by solvation, substrate binding, or reaction with the nucleophile to give monomeric complex 32. Reversible exo coordination of the substrate is followed by oxidative insertion with retention into a bridgehead C-O bond to give the -allyl or enyl rhodium alkoxide complexes 34 or 35. It is likely that the formation of these rhodium(III) alkoxide complexes will be irreversible because of the release of the ring strain present in the oxabicyclic alkene substrate. We propose that the oxidative cleavage of the C-O bond is the enantiodiscriminating step in the catalytic cycle. Regardless of the precise mode of binding to the allyl moiety, we propose that the rhodium metal will be situated closer to the benzylic carbon atom because of the directing influence of the alkoxide ligand. The two enyl complexes 35 and 36 illustrate possible rhodium complexes. Because there will be a significant degree of ring strain associated with the [4.2.0] structure 36, this enyl complex should be disfavored compared to the more stable [2.2.2] structure 35. A similar argument can also be applied to the -allyl rhodium complex 34. By shifting the rhodium metal on the -allyl moiety to the distal position relative to the alkoxide, ring strain will be minimized.
Once 34 or 35 has been formed, the rhodium alkoxide complex could be protonated by the alcohol prenucleophile to generate cationic rhodium complex 37 and an alkoxide or phenoxide. This proton transfer has two effects. The organorhodium species is made more electrophilic as a result of the positive charge, and the nucleophile is rendered more nucleophilic by becoming deprotonated. It is noteworthy that reaction of an alkoxide or phenoxide does not give ring-opened product.
The positioning of the rhodium metal on the -allyl moiety will influence the regioselectivity of nucleophilic attack. Nucleophilic attack with inversion is proposed to occur adjacent to the alkoxy group in an S N 2Ј fashion relative to the rhodium metal. The product is subsequently liberated and the rhodium monomer is regenerated, which will either reform the dimer (if another rhodium monomer is encountered) or continue the catalytic cycle.
Experimental evidence points to the active catalyst being a rhodium monomer. First, the monomeric complex [Rh(CO)-Cl(PPF-P t Bu 2 )] is an active catalyst for these reactions giving similar yields and enantioselectivity to the use of [Rh-(COD)Cl] 2 ͞2 PPF-P t Bu 2 . In addition, the NLE observed with a catalyst generated from [Rh(COD)Cl] 2 ͞2 PPF-P t Bu 2 can be rationalized on the basis of the formation of diastereomeric hetero-and homochiral dimeric complexes (59) that undergo bridge cleavage at different rates.
Although the NLE results obtained with [Rh(COD)Cl] 2 , on their own, could be interpreted as possible evidence for the presence of diastereomeric complexes along the reaction pathway (60), the linear relationship between auxiliary and product ee with [Rh(CO) 2 Cl] 2 points to another explanation. Reaction of [Rh(CO) 2 Cl] 2 with a variety of bidentate ligands results in the extrusion of one CO ligand per rhodium atom. The remaining carbonyl ligand fills the square planar four coordinate geometry of the d 8 rhodium(I) complex producing the monomeric [Rh(CO)Cl(PPF-P t Bu 2 )]. Importantly, the enantiomeric excess of the monomeric rhodium complex corresponds directly to the ee of the chiral ligand. The experimentally observed linear relationship between ligand and product ee supports the notion that the catalyst is monomeric in structure and that diastereomeric complexes are not implicated.
Exo coordination of the rhodium catalyst to the oxabicyclic substrate is a reasonable assumption. On the basis of steric arguments, coordination should be favored at the more accessible exo face. Indeed, exo coordination has been proposed in both nickel-catalyzed reductive ARO and palladium-catalyzed alkylative ARO reactions of the same substrates (1). In our subsequent work with rhodium-catalyzed arylative and alkenylative ARO reactions (58) , for which there is a larger body of work on which to base the mechanism (61), exo coordination of the aryl rhodium(I) complex to the olefin is again invoked to explain the stereochemical outcome.
A key step in the working model is oxidative insertion of the rhodium complex into the bridgehead C-O bond with retention of configuration; a pathway that distinguishes it from the majority of known͞proposed mechanisms for other allylic functionalizations, including previous reports with rhodium catalysts. Of the metals that are known to catalyze allylic substitutions, only molybdenum has been shown to oxidatively add with retention of configuration (62, 63) . Precoordination of the Lewis basic leaving group to the Lewis acidic molybdenum metal before alkene binding is believed to be responsible for this outcome (64, 65) . The putative predisposition of the oxabicyclic core to bind to the rhodium metal on its exo face through the alkene and the oxygen atom may predispose the complex to this type of reactivity. Precoordination of the metal to the alkene and the leaving group has been used to rationalize the stereochemical dichotomy between palladium and molybdenum catalyzed reactions (64) (65) (66) (67) (68) (69) (70) .
The results obtained in the regio-selective ring opening reactions also point to the ionization of the C-O bond as a key step in the catalytic cycle. For example, oxabicycle 19 reacts to give hydronaphthalene 20 exclusively (Eq. 3). If oxidative insertion were occurring, ionization of the tertiary C-O bond should be preferred because the tertiary cation will be more stable. In the regio-selective ring opening of 22, where no steric influence in the ring opening step should be present, the selective formation of 23 can be rationalized by the resonance stabilization of positive charge at the bridgehead by the methoxy substituent.
We propose that a proton transfer occurs between the phenol nucleophile and the rhodium(III) alkoxide intermediate 34 to give a phenoxide and a cationic rhodium(III) complex 35. The competition and kinetics experiments with different phenol nucleophiles lend experimental support to this notion. In kinetics experiments, more acidic phenols gave faster reactions than more basic ones; this influence was found to follow a linear Hammett relationship with a positive value of 0.303. A positive value corresponds with an accumulation of negative charge on the phenol in the transition state of the rate-determining step, most likely the result of a deprotonation. Because the reaction is run under neutral conditions, the base is likely be a species associated with the rhodium catalyst. Rhodium alkoxide and hydroxide complexes have been demonstrated to be sufficiently basic to deprotonate acetylacetone (ref. 71 and references therein). More acidic species, such as HCl, can also protonate rhodium alkoxide͞hydroxide complexes (72) . We propose that it is the rhodium alkoxide 34͞35 that is serving as the base in these reactions. This deprotonation would have two effects. First, the creation of a cationic rhodium(III) species 37 makes the -allyl (or enyl) moiety more electrophilic, and secondly, the deprotonation of the nucleophile renders it more nucleophilic.
The proposal that nucleophilic attack occurs in an S N 2Ј fashion with inversion is consistent with the well documented mechanism of palladium -allyl chemistry (73) (74) (75) (76) and the proposed mechanism of rhodium-catalyzed reactions of allylic carbonates put forward by Evans (12) . The proposal that the alkoxide moiety directs the nucleophilic attack by shifting the position of the metal on the allyl fragment has precedent in the chemistry of palladium where neighboring groups have been found to exert this type of directing influence (77, 78) .
Conclusion
A better understanding of the important properties of the PPF-P t Bu 2 ligand that contribute to the high reactivities and enantioselectivities obtained in the rhodium-catalyzed asymmetric ring opening (ARO) reaction of oxabicyclic alkenes has been achieved. These results lay down guidelines that may be used in the search for more reactive and selective catalysts. To maximize reactivity, both phosphines should be electron-rich. For maximal enantioselectivity, the two phosphines should be of different size with the larger phosphine located at the benzylic position. Finally, the optimal diastereomers contain (R) central and (S) planar chirality [or the enantiomeric (S,R) pair]. Catalyst and substrate studies were also conducted to gain mechanistic insight into the rhodium-catalyzed ARO reactions. Based on these results a mechanistic working model has been proposed that rationalizes all experimental observations. We thank Solvias AG for generously providing us with the Josiphos ligands used in these studies. We thank the Natural Sciences and Engineering Research Council, the Ontario Research and Development Challenge Fund, AstraZeneca, and the University of Toronto for financial support of our research. K.F. thanks the Natural Sciences and Engineering Research Council for a doctoral scholarship.
